The family Geminiviridae comprises seven genera differentiated by genome organization, sequence similarity, and insect vector. Capulavirus, an eighth genus, has been proposed to accommodate two newly discovered highly divergent geminiviruses that presently have no known vector. Alfalfa leaf curl virus, identified here as a third capulavirus, is shown to be transmitted by Aphis craccivora. This is the first report of an aphid-transmitted geminivirus. P lant-infecting viruses in the family Geminiviridae have one or two genome components of less than 3.0 kb composed of circular single-stranded DNA (ssDNA) that are encapsidated in typical geminate particles. The seven approved geminivirus genera are Begomovirus, Curtovirus, Topocuvirus, Mastrevirus, Becurtovirus, Turncurtovirus, and Eragrovirus (1). Recently, two highly divergent geminiviruses, euphorbia caput-medusae latent virus (EcmLV) and French bean severe leaf curl virus (FbSLCV), were discovered in South Africa and India, respectively (2). Based on genomic sequence divergence and genome organization, EcmLV and FbSLCV have been proposed to belong to a new genus named Capulavirus. The primary reason that the Capulavirus genus has not been formally accepted within the family Geminiviridae is the absence of any evidence that either EcmLV or FbSLCV forms geminate particles. Here, however, we confirm that EcmLV produces twinned quasi-icosahedral particles ( Fig. 1 ) and that the capulaviruses are therefore bona fide geminiviruses.
P
lant-infecting viruses in the family Geminiviridae have one or two genome components of less than 3.0 kb composed of circular single-stranded DNA (ssDNA) that are encapsidated in typical geminate particles. The seven approved geminivirus genera are Begomovirus, Curtovirus, Topocuvirus, Mastrevirus, Becurtovirus, Turncurtovirus, and Eragrovirus (1) . Recently, two highly divergent geminiviruses, euphorbia caput-medusae latent virus (EcmLV) and French bean severe leaf curl virus (FbSLCV), were discovered in South Africa and India, respectively (2) . Based on genomic sequence divergence and genome organization, EcmLV and FbSLCV have been proposed to belong to a new genus named Capulavirus. The primary reason that the Capulavirus genus has not been formally accepted within the family Geminiviridae is the absence of any evidence that either EcmLV or FbSLCV forms geminate particles. Here, however, we confirm that EcmLV produces twinned quasi-icosahedral particles ( Fig. 1 ) and that the capulaviruses are therefore bona fide geminiviruses.
Besides genome relatedness and genome organization, the insect vector is an important criterion for defining new virus genera within the family Geminiviridae. Viruses of the genus Begomovirus are transmitted by whiteflies, those of the genera Mastrevirus, Curtovirus, Becurtovirus, Turncurtovirus, and probably Eragrovirus are transmitted by leafhoppers, and those of the genus Topocuvirus are transmitted by treehoppers.
Since the discovery of EcmLV and FbSLCV (2), a third capulavirus has been discovered in leaf curl-exhibiting alfalfa (Medicago sativa, Fabaceae) plants collected from 2010 to 2014 during large-scale sampling surveys in the south of France (Rhône delta, Tour du Valat).
Capulavirus-related sequences were identified in one of these plants (44-1E) using a virion-associated nucleic acids (VANA)-based metagenomics approach (3). Total DNA extracted from 44-1E was subjected to Phi29 DNA polymerase treatment (TempliPhi; GE Healthcare, USA), and a linear DNA fragment of about 2.8 kbp was generated with DraI, NcoI, or NdeI digestion. No fragment falling within the size ranges of reported geminivirus satellite sequences was produced with any of these restriction enzymes. A viral genomic DNA fragment of about 2.8 kbp was amplified from the Phi29 polymerase product with the partially overlapping PCR primers Dar-1981F and Dar-1966R, previously designed to amplify full-length EcmLV genomes (2) . The amplification product was cloned (clone 44-1E) and sequenced as previously reported (2) . Although the 2,745-nucleotide (nt) viral insert displayed an arrangement of open reading frames (ORFs) ( Fig. 2A ) that was most similar to those reported for capulaviruses, the arrangement of virion sense open reading frames differed slightly from those of EcmLV and FbSLCV (2) .
The capulavirus genomes were aligned with representative geminivirus genomes using MUSCLE (4) (see the supplemental material), and a neighbor-joining tree was constructed with the Jukes-Cantor nucleotide substitution model and 1,000 bootstrap replicates (Fig. 2C) . Additionally, predicted replication-associated protein (Rep) and capsid protein (CP) amino acid sequences were aligned with Rep and CP sequences of representative geminiviruses using MUSCLE (see the supplemental material). Maximum likelihood phylogenetic trees of the Rep and CP were inferred using PhyML (5), with the rtREVϩGϩIϩF amino acid substitution model chosen as the best fit, using ProtTest (6). Approximate likelihood ratio tests (aLRT) (7) were used to infer relative supports for branches. In all these trees ( Fig. 2C and 3) , the alfalfa geminivirus clearly clusters with the other capulaviruses with which it shares 69% to 71% genome-wide pairwise identity (Fig. 2B ).
An agroinfectious clone was prepared from the viral genome 44-1E as previously described for EcmLV (2) and inoculated into 22 Nicotiana benthamiana plants. Although the plants were symptomless, the virus was detected in 10 of them 26 days postinoculation using PCR with primers targeting a 785-nt fragment of the CP gene of the cloned virus (Luz-CP-F, 5=-TGGAATATTGTGCT GCTTGG-3=, and Luz-CP-R, 5=-ATTTTGGGACTTGTGCTCC A-3=). The same purification procedure used to obtain EcmLV particles ( Fig. 1 ) was used for the agroinfected N. benthamiana plants. However, despite spherical, possibly degraded, structures being observed from the sucrose gradient fraction within which geminivirus particles were expected (according to EcmLV purification), twinned icosahedral particles typical of geminiviruses could not be detected by transmission electron microscopy. Nevertheless, these fractions were determined to be positive for viral DNA by Southern blotting with P 32 -labeled probes prepared by random priming using the full-length genome of the 44-1E clone as a template. As the genome-wide pairwise identity with other geminiviruses was below the lowest of the geminivirus species demarcation thresholds (8, 9) , a new capulavirus species was proposed and provisionally named alfalfa leaf curl virus (ALCV).
Since geminiviruses are transmitted by phloem-feeding insects in a persistent circulative manner, the potential vector of ALCV was expected to be an alfalfa phloem-feeding insect. Moreover, as viruses of four geminivirus genera are leafhopper transmitted, it was assumed that leafhoppers might also transmit capulaviruses. However, the CP is the only protein which is involved in transmission specificity, and since capulavirus CPs were not closely related to those of whitefly-or leafhopper-transmitted geminiviruses (Fig. 3) , we also tested an alternative hypothesis: we selected aphids because they were frequently detected in alfalfa fields, whereas whiteflies were not detected. Although no aphid-transmitted geminivirus has ever been reported, aphids were considered possible geminivirus vectors because they have been reported as vectors of other circulatively transmitted viruses, including nanoviruses, which, like geminiviruses, also have ssDNA genomes. Thus, the leafhopper Anaceratagallia laevis (Ribaut) and the aphid Aphis craccivora (Fig. 4B) were collected from alfalfa fields in the Rhône delta and Montpellier regions, respectively. Leafhoppers were reared on alfalfa and aphids on alfalfa and faba bean (Vicia faba) with 16 h of light at 24°C and 8 h of darkness at 21°C.
Twenty faba bean plants were agroinoculated with the infectious ALCV clone. Three weeks after inoculation, symptoms of vein thickening were detected on the apical leaves of six inoculated plants ( Fig. 4A) but not on the mock-inoculated plants. Four weeks after inoculation, 13 inoculated plants exhibited vein thickening and tested positive by PCR with the Luz-CP primers, whereas the other plants remained symptomless and were negative by PCR. A group of 80 aphids was released into a cage containing two of these agroinfected plants for a 2-day acquisition access period (AAP). The two infected plants were replaced with four faba bean seedlings for a 5-day inoculation access period (IAP). A similar transmission test was carried out with 40 leafhoppers given a 2-day AAP on two agroinfected faba bean plants and a 5-day IAP on three faba bean seedlings. Vein thickening symptoms were detected on two aphid-inoculated plants 3 weeks after the IAP, and all four of the plants were positive for the virus by PCR at 4 weeks. One of the 785-nt PCR products was sequenced and was 100% identical to the cognate sequence of the agroinfectious clone. The three leafhopper-inoculated plants did not exhibit vein-thickening symptoms and were negative by PCR. A second transmission test confirmed A. craccivora as a vector (3/7 virus-positive plants with 5 aphids/plant) (Fig. 4C) . Southern blotting of total DNA of an aphid-infected faba bean plant using P 32 -labeled ALCV probes revealed the typical geminivirus DNA profile (Fig. 4E) . ALCV also proved transmissible from agroinfected faba bean plants to alfalfa using the same transmission conditions as above except that the IAP was 6 days. Two of four inoculated alfalfa plants were determined by PCR to be positive for the virus. The detection of leaf curl symptoms on the alfalfa plants that were positive by PCR confirmed the etiology of the disease (Fig. 4D) . To our knowledge, this is the first report of an aphid-transmitted geminivirus. Further work is required to investigate the vector specificity of this transmission and to test whether other capulaviruses, such as EcmLV, are also transmissible by aphids so as to determine whether, as is expected, aphid transmissibility is a discriminating feature of the proposed Capulavirus genus.
Nucleotide sequence accession number.
The sequence for alfalfa leaf curl virus has been deposited in GenBank under accession number KP732474.
FIG 1 Virions of euphorbia caput-medusae latent virus purified from agroin-
fected Nicotiana benthamiana plants as described previously (10) with the following modifications. The liquid N 2 -powdered tissues were resuspended in the grinding buffer and homogenized in a blender for 1 min. The aqueous phase was recovered from the chloroform treatment by centrifugation, filtered through three layers of cheesecloth, and pelleted through a 10% sucrose cushion. The resuspended pellets were clarified with one low-speed centrifugation and loaded on a 10% to 40% sucrose gradient which was centrifuged at 35,000 rpm for 3 h 45 min in a Beckman SW41 rotor. The gradients were fractionated in 1-ml samples, and the fractions containing the opalescent zone of the gradient were pelleted for 2.5 h at 55,000 rpm in a Beckman Ti70 rotor. The micrograph was produced with a Jeol JEM-1400Plus transmission electron microscope. (11) . (C) Neighbor-joining phylogenetic tree of representative geminiviruses based on full genomes. Given that it is not possible to generate a credible alignment of the genomes of all geminiviruses and that interspecies and intragenus recombination has played a significant role in geminivirus diversification, this phylogenetic tree is not intended to be accurate but is rather provided as a guide to display the degrees of sequence similarity shared by the different major groups of geminiviruses. Branches with less than 60% bootstrap support have been collapsed, and the tree is midpoint rooted. 
